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TECHNICAL NOTE L4005

AN EXPERIMENTAL INVESTIGATION OF THE EFFECT OF VARIOUS
PARAMETERS INCLUDING TIP MACH NUMEER ON THE FLUTTER
OF SOME MOTEL HELICOPTER ROTOR BLADESL

By George W. Brooks and John E. Bgker
SUMMARY

Experimental studies were made to evaluate some of the effects of
parameters such ss Mach number, blade angle, and structural damping on
the flutter of model helicopter rotor blades in the hovering condition.
The model blades had NACA 23012 and 23018 airfoill sections and each was
tested at chordwise center-of-gravity locations of approximately 27.5
and 37 percent chord. Dats were obtained at test-medium densities
ranging from 0.00i2 to 0.0030 slug per cubic foot and at various pitch
angles up into the stall. Mixtures of air and Freon-12 were used for
the test medium in order to extend the tip Mach number range of the
tests to slightly sbove unity.

Forward movement of the blade chordwise center-of-gravity location
generaglly raised the flutter speeds at low pitch angles but had no
appreciable effeet at high pitch angles. An increase in the structursl
damping generally raised the flutter speed at high pitch angles. At a
given pitch angle, the flutter occurred at essentially constant dynamic
pressure for veristions in density. A large beneficisl effect of Mach
number was observed near the section critical Mach number and was such
that 1f flutter did not occur up to & tip Mach number of 0.73, it would
not occur at all. OQut of these studies a criterion is tentatively
advanced which indicates design requirements for completely flutter-
free operatlon of helicopter blades.

The significant flutter data for a large number of tests along

with detalled descriptions of the models are included in tabular form
to facilitate more detailed analyses of the results presented.

INTRODUCTION

The possibility of rotor-blade flutter exists for scme helicopters
of current and future types which are designed to operate at high tip

lSupersedes declasslfied NACA Research Memorandum L53D24 by George
W. Brooks and Jobn E. Baker, 1953.
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speeds without being completely mass balanced about the blade l/h chord
at all spanwise positions (ref. 1). Although the general character-
istics of the flutter of propeller blades and wings in subsonic com-
pressible flows at pitch angles up to and including the stall region
have been studied by several investigators (e.g., refs. 2 and 3), no
studies of similar nature have been reported in regsrd to helicopter
blades. Theoretical methods are avalleble which may be used to estimate
the classical flutter speeds of helicopter blades in incompressible
flows (refs. 4 and 5), but as yet neither theoretical nor experimental
data have been presented for the prediction of the effects of compress-
ibility or blaede stall. In consideration of the differences between
helicopter and propeller blades as to rigidity, structural damping,
radius-to-chord retio, solidity, root fixity, airfoil section, and so
forth, some doubt exists as to the applicability of wing or propeller-
blade flutter data to the prediction of the flutter characteristics of
helicopter blades. .

As g part of a general investigation of helicopter flutter, the
present program was Initiated in an effort to determine the effects of
various parameters including Mach number, structural damping, and chord-
wise center-of-gravity location on flutter of model helicopter blades at
zero forwaerd velocity. The models had flapping hinges and plan forms
representative of full-scale helicopter blades.

A portion of this investigation is devoted to the definition of a
stall-flutter criterion for the design of helicopter blades which can
be operated flutter-free throughout the pitch-angle range at all sub-
sonic blade tip Mach numbers. Inasmuch ag blade twisting deformations
affect the blade pitch angle at flutter, and since the subject of blade
twist may be of some general interest, & brief study of blade twist
including the effects of Mach number l1s included.

SYMBOLS
a slope of lift curve, dec;/da . —
b blade half-chord, ft
c speed of sound in testing medium, ft/sec
Cy section 1ift coefficient
cy mean section 1lift coefficlent
EI blade bending stiffness, 1b-in.Z2
GJ - blade torsional stiffness, lb-in.Z2
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structural damping coefficient for first elastic bending mode

structural damping coefficient for second elastic bending mode

structural damping coefficlent for first torsion mode

blede mass moment of inertia about elasstic axis, slug-ft2/ft

mees moment of inertia of blade .including blsde. shank about

£lapping hinge, slug-£4°

mass moment of inertia of blede shank about flspping hinge,

slug-ft2
blede mess per unit length, slugs/ft
mass of blade shank, slugs
rotatlonal Mach number
dynemic pressure, lb/sq £t

nondimensional radius of gyration of blade section about
elastic axis, Io /b2

rotor radius, ft
section speed, fps

section center-of-gravity location, percent chord
gection elastic-axis location, percent chord

angle of attack, deg

mass constant of rotor blade, EbpaRh I

blede mass-density ratio, m/ﬁﬁbz

blede pitch engle between chord line and plene of rotation,

deg

measured blsde twist, deg
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o density of testing medium, slugs/cu ft

g rotor solidity, 2b/ﬁR

wp flutter frequency, radians/sec

g, experimental nonrotating natural frequency for first elastic

1 flapwise bending mode, radians/sec

wha experimental nonrotating natural frequency for second elastic
flspwise bending mode, radians/sec

Uy experimental nonroteting natural frequency for first torsion
mode, radians/sec

Subscripts:

o] standard atmosphere . - —

0.8R 0.8 rotor radius

t blade tip

c corrected for aerodynamic and dynamic twist

8 initigl setting

cr critical value

Notetion for test rotor blades:
(£) forward chordwise center-of-gravity location

(r) rearward chordwise center-of-gravity location

APPARATUS AND TEST METHODS

The experimental investigations of hellcopter-rotor-blade flutter
reported herein were conducted in the ILangley vacuum sphere (ref. 2).
This facility consists of a steel tank in which is mounted a 500 horse-
power electric motor which is used to whirl the rotor assemblies. The
sphere can be evacuated to provide different air densities; or it can
be filled with Freon-12 gas, or mixtures of air and Freon-12, at various
densities. The combined use of air and Freon-12 provides g means for
studying independently the effects of Mach number and veloclty on
flutter.
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Blade configuration.- The blades used in the tests were designed to
be geometricelly representative of normal helicopter confiligurations, and
to flutter at speeds which would yleld useful data at Mach numbers where
compressibility effects might become importent over a range of pitch
engles and chordwise center-of-gravity locations. The blades were of
composite wood construction with & stainless-steel rod (spar) embedded
in the wood and extending longitudinally =along the quarter-chord line.
Three holes extending parallel to the mein spar were routed in the
blades, one at each of the following points: 6.25, 50, and 62.5 per-
cent chord, as showm in figure 1. The chordwlse center-of-gravity posi-
tion was varied by means of selective location of stainless-steel rods
or inserts in these holes. The structural damping of the blades was
varied in some cases by wrapping these rods with cloth.

The blades studied had NACA 23012 sections with chordwise center-
of -gravity locations of 27.5 and 37.3 percent chord, and NACA 23018 sec-
tions with chordwise center-of-gravity locations of 28.0 and 36.5 per-
cent chord. The rotor assembly including the blade, blsde shank, hub,
and counterweights is shown in figure 2. The blades were tested as one-
blade configurations and the active portion of the blade extended from a
radius of 8 inches to & radius of 46 inches with a flapping hinge located
at a radius of 2.5 inches. No dreg hinges were used. The centrifugal
forces were balenced by adjustable counterweights.

The blade dimensions, naturasl fregquencies, apd other pertinent
flutter parameters are given in teble I. The frequencies were measured
with the blades mounted on the hub in the test condition, that is, free
to flap. The blades are grouped according to alrfoil section, blades 1
to 5 having NACA 23012 airfoll sections and blades 6 to 9 having NACA
23018 sirfoil sections. During the tests, blade 2 was observed to have
warped slightly, resulting in an upward deflection of the trailing edge.
Models 1, 2, 3, and 4 were separate blades. Blade 5 was obtained by
wrapping the rode of blade 4 with cloth to increase the structural
demping. This also resulted in an increase in torsilonal stiffness.
Models 6 and 7 were also separate blades. The rods of blade 7T were
wrapped with cloth as previously mentioned. This modification resulted
in & blade having two new values of the torsional structural damping
coefficient; one value for low-azmplitude vibrations and another for
high-amplitude vibrations. These new configurations are referred to as
blede 8 and blade 9, respectively. The blade numbers are accompanied by
the letters (f) and (r) which are used to designate forward and rearward
chordwise center-of-grevity locations, respectively.

Instrumentation and data observations.- Flutter data were obtailned
through the use of wilre strain gages cemented to the blades in such a
way as to 1ndicate both torsionsl and bending deflections, figure 2.

The strain-gage ocutpute together with a tachometer signal for measuring
the rotational speed were recorded on oscillograph records such as shown
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in figure 3. The end of the blade was illuminated instantaneocusly st

a predetermined point in each revolution by means of & strobolight ener-
gized through a contactor on the motor sheft. The image of the blade
tip, thus obtained, was used to measure the pitch angles at the blade
tip by use of a telescope with the eyeplece graduated for sngular meas-
urements. The pitch-angle measurements were then used to determine the
smount of blade twist for various test conditions.

Flutter testing procedure.- The blades were operated with the
pritch angle fixed at the blade root. The plich angle was changed
between tests to obtain data over a range of pitch angles from sbout
8° to 30°. The operasting procedure for each flutter test consisted of
slowly increasing the speed of the test blade until strong flutter was
first encountered, at which point an osciliograph record was taken.
The pitch angle et the blade tip was then measured at a slightly lower
speed (4O to 80 rpm lower) in order to have the blade in a more stable
condition. The flutter region was often penetrated, in attempting to
find en upper boundary, until either the flutter beceme too severe or
the flutter region was traversed. In the latter case, a record vas
taken upon reentering the flutter region from the top.

The effect of Mach number on the flutter characteristics was studied
by use of various mixtures of Freon-12 gaes (sound speed approximastely
equal to 500.fps) and air at various densities ranging from 0.0012 to
0.0030 slug per cubic foot. The blades were initially fluttered in air
at veriocus densities after which they were tested in nearly pure
Freon-12 gas. The percentage of Freon-12 was then lowered by steps,
thus raising the sound speed of the mixture until the desired range of
sound speed had been covered. Flutter date were obtained at various
densities for each mixture by variation of the absolute pressure of the
testing medium. As a result of the flutter tests being made in the
aforementioned gaseous mediums over a relatively wide range of veloci-
ties, tip Mach numbers up to 1.1 could be reached, and the Reynolds
number at the blade tip for the tests varled from about 125,000 to
about 2,250,000,

RESULTS AND DISCUSSION

General Conslderstions

Flutter parameters and reference stations.- The flutter dsta are
presented as functions of the flutter speed coefficient V/bab, a design

parameter babjc, the tip Mach number Mg, the density ratio p/po, and
the pitch angle 6. In some instances, the data are also presented in
terms of combinagtions of these parameters, for example, (V/bab)‘ﬁ/po.
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The significance of these pasrameters in propeller-blade and wing stall
flutter studies is recognized and discussed in some detail in refer-
ences 2 and 3.

The flutter speed coefficient as well as the blade pitch angles
and pitch-angle settings are referred to the station at 0.8R; however,
the Mach number and messured blade twist are referred to the blade tip.
These reference stations were chosen because (1) the velocity of the ele-
ment at 0.8 blade radius appears to be more representative for flutter
than the element at 0.75 radius vwhich is usually referred to in heli-
copter analyses, (2) the tip Mach number resdily identifies the Mach
number at any radial location, and (3) the twist at the tip 1s the meas-
ured twist.

Lift coefficient.- In order to facilitate the estimation of the
blade losding at flutter, figure 4 shows the mean section 1ift coef-
ficient as a function of the pitch angle as calculated by means of ref-
erence 6 for an element located at the 0.8 blade radius sssuming this
station to be typleal. TInasmuch as the 1lift curves for NACA 23012 and
23018 airfoil sections are not appreciably different, a mean value of
the slope of the 1lift curve ls assumed and a single mean-value curve of
EE plotfed ageinst 6 is presented for the representatlon of both
blades.

Presentation of Flutter Data
The significant parameters for the blades tested are given in
table T and discussed in the previous section entitled apparatus and
test methods. The detailed results of the flutter investigation are
tabulated in table II, according to blade section, blade number, and
chordwise center-of-gravity location. The general seguence of presen-
tation corresponds closely to The order in which the data were tsken.

Some of the general trends determined during the investigation are
discussed in the following paragraphs with the aid of samples of data
presented in figures 5 to 16. The presentation of the flutter results
is divided into two parts: +the first relating to data taken at Mach
numbers where compressibility effects were found to be insignificant,
and the second relating to the effects of Mach number and the effects
of various flutter parameters at Mach numbers where compressibility
effects gppeared to be important.

In addition to the experimental flutier investigation, a limited
study was made to determine blade twist as influenced by dynamic pres-
sure, flutter and divergence, and Mach number. The results of this
study are presented in the sppendix and in table ITIT and are discussed
with the aid of figures 17 to 21.
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Digcussion of the Effects of Varlious Parameters
on Flutter st Low Mach Numbers

Blade pitch angle.- The generesl shapes of the characteristic
flutter curves obtained for propeller blades and wings in essentially
incompressiblle flows by plotting the flutter speed coefficient as a
function of the blade pitch angle or angle of attack have been estab-
lished by the work of several investigators (e.g., refs. 2 and 3).
Figures 5 to 8 of this paper present some experimentel results of =
gimilsr nature obtained for some model helicopter blades which show the
characteristic shapes of the flutter curves as well as the effect of
various flutter parameters.

The flutter data for a typicel blade are shown in figure 5 where
both the flutter speed coefficlent and the ratio of the flutter fre-
quency to blade first natural torsional frequency are plotted as a
function of blade pitch angle. The curve of flutter speed coefficient,
or flutter curve, separates the stable and unsteble regions; the unsta-
ble region belng sbove the flutter curve. As the blade pitch angle is
increased, the flutter speed coefficlent drops slightly at first and
then rapidly ass the blade apparently begins to stall. As the pitch
angle is further increased, the flutter speed coefflcient decreases
until some minimum value 1s reached. Further increases in pitch angle
result in a rather sherp rise in the flutter speed coefficient, possibly
due to a rearward shift in center of pressure arising from blade stall.
The curve of frequency ratio shows that a reduction in the velue of the
flutter speed coefficlent is accompanied by an increase in flutter
frequency.

The upper portion of the flutter curve, corresponding to low pitch
angles, defines the region of classlcal flutier whereas the lower B
portion of the curve defines the region of stall flutter. Classical
flutter usually involves a coupling of blade motion in at least two
degrees of freedom. Since flutter occurs in the mode representing
minimum potential, the significent modes for conventional helicopter
bledes are probably blede torsion and flapping. As shown by the
frequency-ratio curve of figure 5, the classical flutter occurs at a
frequency considerably lower than the first torsion naetural frequency.
Stall flutter on the other hand is a predominantly torsional oseilla-
tion, the frequency of which is shown by figure 5 to be very nearly
equal to the first torsionsl natursl frequency. Some flutter of the
wake-excited type (see ref. 7) was also obtained. This flutter occurred
at pltch-angle settings near O°, at speeds of the order of 85 percent
of the classical flutter speed, and at frequency ratios of the order

of & 0. 80.
Oy,
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Now that the characteristic shape of the flutter curve for a typi-
cal blade is established, the following paragraphs along with figures 6
to 9 will be devoted to an anslysis of the effects of various flutter
parameters. The sbsence of data at low pltch angles is due to the fact
that the blades were designed so that the flutter speeds at high pitch
angles would be sufficiently high to permit the evaluation of Mach num-
ber effects when the blades were tested in mixtures of air and Freon-12.
Consequently, at low pitch angles, where the flutter speed 1s appreci-
ably higher, the meximum operating speed was limited by centrifugal
stresses rather than flutter. .

Chordwise center-of-gravity location.~ The effect of chordwise center-
of-gravity location on the filutter speed coefficient as a function of
blede pitch angle is shown in figure 6 for blades having both NACA 23012
-and NACA 23018 airfoil sections. In each case, a rearward shift in
chordwise center-of-gravity location lowers the flutter speed coefficient
appreclably at the lower pltch angles but has 1ittle effect on the mini-
mum values obtained at high pitch angles in the stall reglon; a similar
effect was also obtalned for some additional model tests wherein the
chordwise center-of-gravity location was moved forward as far as 22.5 per-
cent chord. This result is aspparently at variance with the resulits of a
similar investigation of propeller blades reported in reference 2 which
showed the value of the minimm flutter speed coefficlent to be very
much a function of the chordwilse center~of-gravity location. The rela-
tion of this difference in behavior to specific differences in propeller
and helicopter blade stall characteristics is not clear at present.

Alrfoll section.- During the investigation, it was observed that one
of the blades had warped slightly, and this warping resulted in a slight
upward deflection or reflection of the trailing edge. The curve of flut-
ter speed coefflcient as a function of blade pitch angle for this blade
is presented with a simllar curve for a blede without reflex trailing
edge in figure 7. A comparison of the respective curves shows that, at
plitch angles in the region of transition between classical and stall )
flutter, the flutter speed coefficient is considerably less for the blade
having the reflex tralling edge than for the blade wlthout the reflex
trailing edge. The difference between the curves decreases, however, as
the pitch angle increases and becomes nonexistent at stall. The earlier
transition from classical flutter to stall flutter for the warped blade
may be caused by the negative camber due to the warping. The data in
reference 8 show that blades having less camber have lower flutter bound-
aries at pitch angles lower than the stall.

A comparison of the datae presented in figures 8(a) and 8(b) shows
that, at pitch angles of the order of 14°, the discrepancies between
the flutter curves of the blades having different slrfoil sections are
small. As the pitch angle 1s increased, the flutter speed coefficients,
for blades having similar torsional structural demping coefficients but
different alrfoil thickness, are considerably different. This appears
to be due to the relative indifference of the minimum flutter speed
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coefficient for the 18-percent-thick blades to variations in structural
demping in the renge of g, = 0.06.

Structurel damping.- The most pronounced effect of structural
damping at low Mach numbers occurred at blede pitch angles in the stall
region. Figure 8(a) shows that, for blades having NACA 23012 airfoil
sections, the minimum flutter speed coefficient is lncreassed appreciebly
by ralsing the torslonal structural damping coefficient from &y = 0.049

to 0.067. A variation in damping over a similar range (ga = 0.054 to

0.069), as shown in figure 8(b), did not appreciably affect the minimum

flutter speed coefficient of the blades having NACA 23018 airfoll sec-
tions. However, when the structural damping coefficient for the NWACA
23018 airfoll section was approximately tripled, a significant rise in
the minimum flutter speed coefficient was obtained.

In addition to the effect of structural demping on the magnitude of
the minimum flutter speed coefficlent, 1t was observed that the flutter
which occurred on the blades having high torsional structural demping
coefficients was usually more violent than the flutter of the blades
having low structural demping coefficients. This effect was more pro-
nounced at the pitch-angle setting corresponding to the minimum flutter
speed coeffilicient, and may be due to the coupled effects of nonlineari-
ties in the structural and aerodynamic properties of the blades while
operating in the filutter region.

Density.- Although the discussion presented in the previous sec-
tions was limited to data obtained at stmospheric density, data were
also obtained at densities ranging from spproximstely 0.0012 to
0.0030 slug per cubic foot. Inasmuch as the flutter speeds obtalned
during the tests were found to be a function of the density, the ques-
tion arose as to the most convenient method of presenting the data for
different densities. An empirical expression for the classical flutter
speed of a wing is given in reference 9 which shows the flutter speed
to be inversely proportional to the square root of the demnsity of the
testing medium for wings having gmall values of the bending-to-torsion _
frequency ratio end values of l/n > 10. Since the values of these
parameters for the blades tested were well wilthin the limits given in
reference 9, there was reason to expect that, at low pitch angles in
the region of classical flutter, the blades would flutter at constant
dynamic pressure at a given pitch engle. This proved to be the case
not only at low pitch angles but at high pitch angles as well. This is __
shown by the samples of data presented in figure 9 where the flutter
speed coefficlent 1s plotted as a function of the density ratio for
medium and high piteh angles. Inasmuch as the straight lines through

the dats points show that VO.BR/b“h = Cldpo/p, then by simple manipu-
lation it can be shown that %pV’2 = Cp, where Cy and Cp are constants
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which depend on the slope of the straight line and consequently sre
functions of the blade~pitch-angle setting. The bhigh pltch-angle
setting 1s near the stall angle, and the flow is probably of a non-
potential nature at least during s portion of the flutter cycle.

The fact that the flutter at high pitch angles occurred at con-
stant dynamic pressure rather than constant velocity 1s at variance
with most of the experimental results previously obtained for wings
and propellers, references 2 and 3. This difference may be due to the
fact that the structural damping is much greater in the present case
than for previous tests, or 1t might be due to aerodynemic differences
assoclated with the different alrfoil sectlons. The gnalyticel and
experimental investigation of reference 3 indicates that when the struc-
tural demping 1s very low, the minimum value of the flutter speed coef-
ficient is essentiglly independent of density and the flutter will
depend on the aerodynsmic damping of torsionsl oscillations. The aero-
dynamic demping coefficients are shown in reference 3 to be a function
of velocity and chordwise location of the torsionsl sxis of rotation and
independent of density. If, for a glven axis of rotation, a region of
negative damping exists, then the flutter velocity is equal to the
veloclity at which the aerodynsmic dasmping becomes negative. However, if
the structural demping is substantisgl, as ls generslly the case for
helicopter blades, then the minimum flutter speed is showvmn in reference 3
to increase as the function g, (r,2/k) increases. If g (r,2/c) be

written in the equivalent form gm(Lm/npbhﬁ, then the minimum flutter

speed 1s shown to increase as the denslity decreases, a condition which is
borne out by the results of the present investigation. Whether a similar
effect would be obtained by varying the mass moment of inertis I, et

constant density is uncertelin since no tests of thils nature were made.

Discussion of the Effects of Various Parameters
on Flutter st High Tip Mach Numbers

The fact that the flutter at a glven pitch angle occurred at con-
stant dynamic pressure, as previously discussed, greatly simplifies
the presentation of the data at higher Mach numbers. It effectively
means that these data, teken at various densities and Mach numbers, can
be represented by single curves for the different pltch-angle settings.
The data presented in figure 10 for three ranges of density ratio show
that the flutter boundsries obtained by plotting the flutter speed
coefficient as a function of tip Mach number for various pitch-angle
settings are not altered sppreciebly by changes 1n density when the
flutter speed coefficient is modified by the square root of the density
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ratio. This simplification is employed in subsequent discussion where
the dats taken at various densitles are plotted in terms of the modified

flutter speed coefficlent (Vb.BR/bah)Mp/po.

Samples of the experimental date showing the effects of Mech num-
ber on the modifled flutter speed coefficlent at various blade pitch
angles are shown in figures 11 and 12. These data are replotted in
another form in figures 13 to 16 for use in establishing a design cri-
terion. The operating line shown in figure 11(a) represents the line
along which a given helicopter blade opersates as the rotor speed is
varied in a medium heving a constant speed of sound. The slope of the
operating line is inversely proportionsl to bdy and directly propor-
tlonal to the sound speed. Variation of any of these factors will
result in an operating line having s different slope.

Blade pitch angle.- The trends of flutter speed coefficient with
blede pltch angle at the lower Mach numbers as shown in figures 11
and 12 are the same as those presented in figures 5 to 8. As the Mach
number is increased, for each piltch-angle setting lower than the angles
for minimum flutter speed coefficlents, a reduction is noted in the
flutter speed coefficient untll some Mach number of the order of magni-
tude of the tip-section critical Mach number is reached. Further
incresses in Mach number result in a rapid rise in the flutter speed
coefficient.

Although the decrease in the flutter speed coefficient is in the
direction associated with compressibllity effects, blade twist arising
from aerodynamic forces and centrifugsl body forces may be a contrib-
uting factor. The data are not sufficient to permit a generalization
at thls time as to the magnitude or direction of twist effects. How-
ever, gome effects of Mach number on blade twist are discussed in the
gppendix. The tendency for a reduction in flutter speed coefflcient
with increasing Mach number diminishes and essentially disappesrs at a
pltch angle aspproximately equal to the angle for minimum flutter speed
coefficlent. The magnitude of the reduction in flutter speed coefficient
with increasing Mach number appears to vary somewhet from blede to blede.
This is shown by & comparison of figures 11l(a) and 11(b)} where similsr
dsta are presented for blades number 2(r) and 3(r), respectively. The
primary difference between the blades is the structural demping coef-
ficlent for torsion (see table I); the damping coefficient of blade 3(r)
being sbout half that of blade 2(r).

The turnback of the flutter curves for the verious pitch-angle
gsettings represents a beneficial Mach number effect which is very simi-
lar to that exhibited by propellers (ref. 2). This beneficial effect is
possibly due to a resrward shift of the center of pressure. An envelope
flutter boundary can be drawn which separates the flutter regions for all
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pitch-angle settings from the flutter-free or stable regions a&s shown
by the crosshatched curves of figures 11 and 12.

Airfoil thickness.- A comparison of figures 11(a) end 12(a) shows
that the minimum flutter speed coefficient of the envelope flutter
boundary for the 12-percent-thick blede is somewhat higher than that
for the 18-percent-thick blade. In addition, the envelope flutter
boundary for the l2-percent-thick blade turns back much more sbruptly
than that for the 18-percent-thick blade; however, the envelope flutter
boundaries for both blades extend to a maximum Mach number of 0.73. In
both cases the individual flutter bounderies, for some blade-pitch-angle
settings and st Mach numbers above the Mach number st which the turnback
occurs, do not tend to colncide with the respective envelope flutter
boundaries but rise more steeply. This effect is noted for the
18-percent-thick blade at plich-angle settings of 11.3°, 16.19, and
20.1°, all of which are lower than the angle for minimm flutter speed
coefficlent. For the 12-perceni-thick blade, the effect is evident at
e pitch-sngle setting of 21.7°, which is greater than the angle at which
the minimum flutter speed coefficient occurs. In this case, the flutter
boundary turns back before the envelope flutter boundary is reached.

The existence of flutter boundaries which lie within the envelope
flutter boundaries is a beneficial effect of Mach number over and ghove
that exhiblited by the envelope flutter boundaries themselves.

Section center-of-gravity location.- The effect of chordwise
center-of-gravity location on the turnbasck of the flutter boundaries
for different pitch-angle settings is shown for the 18-percent-thick
blade by a comperison of figures 12(a) and 12(b). The data indicate
that the turnback of the individual flutter bounderies for the higher
pitch angles occurs at lower Mach numbers for the blade having the
forward center-of-gravity location. This trend of the flutter bounda-
ries Indicates that an increasse in Mach number results in a rearward
shift of the center of pressure, the effect of which is apparently
greater at high pitch angles. Inasmuch as the forwaerd chordwlse center-
of-gravity location is mear the quarter chord, (ebout 28.0 percent),
only & slight rearward movement in center of pressure 1s necessary to
alter appreciably the blade torslonsl moments, and therefore 1t sppears
logical that this effect would be more pronounced at the forwerd loca-
tion of the center of gravity as indicated by the datae. The flutter
data for the 12-percent-thick blades do not indicate the same trend.

It 1s possible that there is a smaller effect of Mach number on the
location of the center of pressure for the thinner blede.

Design Criterion

A gummary of the data presented herein indicates a possible design
criterion that may be used to select helicopter blades which can be
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operated flutter-free throughout the subsonic speed range. The nature
and significance of this tentative criterion may be better understood
by a discussion of the menner in which it is derived and of the blade
perameters involved.

Maximum Mach number at flutter.- An analysis of the dats presented
in table II, a portion of which is plotted in figures 11 and 12, shows
that the over-all Mach number effect was such that, for the blades
tested, if flutter did not occur at a tip Mach number less than about
0.73, it would not occur at any tip Mach number up to a value slightly
greater than unity, the limit of the tests. The fact that the flutter
boundary occurs at s tip Mach number of about 0.73 may be assoclated
with local supercritical flow conditions and to the rearward movement
of the center of pressure which 1s a stabllizing condition. Some evi-
dence of this is shown by the blade-twist data presented In the sppendix.

Derivation of flutter parameters.- The operating line on a flutter
plot of the type shown in figures 11 and 12 is a straight radial line
from the origin, the slope of which is lnversely proportional to the

dimensionless flutter parameter (bab/c) po/p. A particular operating
line is shown in figure 11(a). The extent to which a blade will be
subjected to flutter as the rotor speed is increased depends on the

slope of the operating line and the blade pitch angle. As the slope of
the operating line is decreased, or conversely, as the flutter param-

eter (bab/c)ﬂpo/p 1s increased, the ranges of pitch angles and speeds

wherein flutter msy be obtained gradually decrease and disappear when
the operating line becomes tangent to the envelope flutter boundary.

Thus the flutter parameter (bab/c)ﬂpo/p ie significant in flutter

studies. TIts magnitude mey be varied by varying the blade chord, blade
torsional frequency, or testing medium. Generally, values of the blade
chord. and torsionsl frequency are to some extent under.the control of
the deslgner. However, it is sometimes more convenient from a research
standpoint to vary the testing medium as was done in the present
investigation.

In order to demonstrate more clesrly the effect of the flutter
parameter (bab/c)Vpo/p on the flutter of the model blades, the data of
figure 11(a) is first cross-plotted as shown in figure 13. This is
accomplished by drawing a series of radial or operating lines from the .
origin of figure 11(a), each of which has a slope of constant (bah/c)wpo/p_
Upon intersection of a particular radisl line with the flutter curve for
a glven pitch-angle setting, the value of the tip Mech number is noted.

The mean twist for the piltch-angle setting is then obtained from table II.
Assuming a linear radial distribution of twlet, the twist at 0.8R is
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calculated and added algebraically to the pitch-angle setting to obtain
the actual pitch angle at 0.8R at flutter. The Mach number at flutter
ig then plotted ageinst the corrected pitch-angle setting (BO.BR)C for

the various constant velues of (qu/c)Vpo/p as shown in figure 13. The

Masch number st flutter is then replotted as shown in figure 14 as a
function of the flutter parameter (bau/c)vpo/p for various pitch

angles. The lower or envelope flutter boundsry is simply g transfor-
metion of the envelope flutter boundary of figure 11(a).

Discussion of design criterion.- The presentation of the datz in
the form of figure 14 permits a more rational evalustion of the role of
some of the parameters on the envelope flutter boundery, and facilitates
the discussion of the flutter region in terma of the flutter parameter

(bdb/b)dpo/ . The figure shows that there 1s a mexlimum value of

(bau/b)wpo/p gbove which no flutter was obtained for tests wp to a tip

Mach number slightly grester than unity, end this value i1s termed the
critical value. Thus & possible criterion for stall flutter is indi-
cated. Since, for practical spplications, the sound speed is & con-
stant, it may be possible for blades having a value of ba, greater

than the value corresponding to this critical value to be opersated
flutter-free throughout the pitch-angle and Mach number range.

In order to facilitate s comparison of the results in terms of the
flutter perameter for various blades having different thickness, chord-
wise center-of-gravity location, and structural damping, the data pre-
sented in table IT were plotted and cross-plotted as discussed in the
previous paragraphs to obtain envelope flutter boundaries similar to the
one shown in figure 14. The resulting envelope flutter boundaries are
shown in figure 15. The critical values of these envelope flutter
boundaries are replotted in figure 16 as a function of structural

damping. Data are also presented showing critical values of (bau/c)Vpo/p
for the propeller of reference 2 and the wing of reference 3.

There are no apparent effects of chordwise center-of-gravity loca-
tion or thickness on the critical walues of (bahfb)ﬂpo/p. There is,
however, an upward trend of the crlitical values as the torsional damping
is reduced, and, on the basis of these results, a design criterion can

be stated, namely, that helicopter blades having wvalues of structural
damping above 0.03 should be gble to operate completely flutter-free if

the value of the design parameter (qu/c)WQo/p is greater than 0.3,
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W

The critical values of (bwa/E)Vpo/p for the wing and propeller results

as shown in figure 16 are sppreciably higher than those for the heli-
copter blades tested, but the structural damping coefficients for the
wing and propeller were much gmaller than those for the hellcopter

blades. Structural damplng sppears to have conslderable effect on the

critical values of (bdb/b)wpo/p: but no conclusion can be drawn com-

paring the propeller and wing flutter criterion to the helicopter-blade
flutter criterion since the length-~to-chord ratio as well as section
thickness ratio for the helicopter blades were much higher than for the
wing and propeller. '

It should be emphagized that the results reported herein apply
specifically to the hovering case and may not be valid for conditions
of forward flight.

CONCLUSIONS

The results of an experimentsl flutter Iinvestigation conducted in
the Langley vacuum sphere flutter test spparatus to determine the -
effects of various parameters including Mach mumber on the flutter of
some model helicopter rotor blaedes indicates the following conclusions:

1. Forward movement of the chordwise center-of-gravity location
raised the flutter speed coefficient at low pitch angles, but had
relatively 1little effect on the flutter speed coefficient at high pitch

angles.

2. The minimum velues of the flutter gpeed coefficient increased
with increases in the torsional structursl damping coefficient.

3. At a given Mach number and blade-piitch-engle setting, flutter
occurred at essentially consteant dynamic pressure at denslties ranging
from 0.0012 to 0.0030 slug per cublc foot. This was observed at sll
pitch angles up to the angle corresponding to minimum flutter speed
coefficient.

R

4, At blade pitch angles below the stall angle, the flutter speed
coefficient decreased as the Mach number was increased up to a certain
value of Mach number, above which the flutter speed coefficient increased
rapidly. The initial reduction dissappeared at pitch angles near the

stall angle.

5. For the blades tested, if flutter did not occur at a tip Mach »
nuniber less than 0.73, it would not occur at any tip Mach number up to
slightly greater than 1, the limit of the tests.
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6. & tentative design criterion based on the particular tests
covered ls presented. This criterion implies that helicopter blades
heving values of the torsional structural demping coefficient greater
than 0.03 and the design flutter perameter (bmu/c%/po/p gbove 0.3
should be able to operste completely flutter-free. (b = blade half-
chord; &, = natural first torsional frequency; ¢ = speed of sound in

testing medium; p, = stendard density; and p = operating density.)

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronsutles,

Langley Field, Va., May 5, 1953.
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APPENDIX

A BRIEF STUDY OF BLADE TWIST AS INFLUENCED BY BLADE PITCH
ANGIE, DYNAMIC PRESSURE, FLUTTER AND DIVERGENCE,

AND MACH NUMBER

Inasmuch as the flutter characteristics of the blades tested were
found to be dependent on the blade pitch angle, 1t was of interest to
obtain some over-sll irndicstion of the mammer in which blade pitch angle
was altered by blade twist. DPerhaps of grester lmportance though is the
fact that the blade twist is a good qualltaetive index of the chordwise
location of the center of pressure, which appears to have consldersble
influence on the flutter characteristics of the bledes. Figures 17
and 18 present some experimentsl measurements which show the blade
twist, measured st the tip, for a 12-percent-thick blade with the chord.-
wise center of gravity located at 37.3 percent chord. TFigure 19 pre-
gents a comparison of experimental and calculated values of blade twist
at a low pitch angle at rotor speeds gpproaching the blade divergence
speed. Figures 20 and 21 show some experimental results, tabulated in
teble III, as to the effect of tip Mach number and divergence on blade
twist.

Twist at Low Tip Mach Numbers

Some causes of blade twist.- The datae points presented in figure 17
were obtained by varying the density at constant rotor speed to elimi-
nate the effect of Mach number on twist. In additlon to the aerodynamic
forces and moments which produce twist, there are also body forces and
moments due to the spanwise and chordwise components of the centrifugal
acceleration of the blade mess partlcles, references 10 and 11. The
spanwise components result in so-called "ribhon forces" which tend to
minimize blade twiet in either positive or negative directlons. The
resulting moments are directly proportional to the blade twist and are,
therefore, negligible if the twist is negligible. The chordwise com-
ponents produce moments which are proportionsl to the sine of twice the
pitch angle, the direction of which is such as to restore the pitch
angle to zero. If these moments are significent for the blade in ques-
tion, they should show up at the high pitch angles and would result in
negative blade twist at zero density. The data presented in figure 17
for pitch angle settings of 15°, 17.5°, and 20° indicate that the twist
at zero density is nearly zero (as shown by the dashed lines). Since
this appears to be true for high pitch angles, it seems reasonasble that
the curves for low pitch angles would follow the trend indicated by the
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deshed lines in ghowing zero twilst at zero density. Thus, it 1s con-
cluded for these blades that the effects of centrifugal forces on blade
twist are small compared to the aerodynsmic forces.

Effect of blade pltch angle.- The data also show that as the pitch
angle is incressed from zero, the angle of twist, at a given value of
dynamic pressure, also increases. Thls trend continues, as shown by
the cross-plotted deta of figure 18 until the pitch angle approaches
approximately 15°, whereupon further increases in the pitch angle result
in g reduction in twist. As the pitch angle approaches an asngle of 250,
the blade twist is zero, indicating that the center of pressure hag
moved rearward and has become coincident with the center of gravity. As
the pitch angle 1s further increased, the center of pressure apparently
moves rearward of the center of gravity and the twist becomes negative.

With the exception of the blede-pitch-sngle setting of 5°, the
meximum value of the dynamic pressure for each blade-pitch-angle setting
of the curves In figure 17 1s slightly less than the dynamic pressure at
which flutter occurred. No flutter was obtained at the blade-pitch-
angle setting of 50; however, the curve does show & tendency toward
dilvergence. The limiting wvalue of the dynamic pressure was due to the
limit on the rotor speed imposed by cenbrifugasl stresses. If flutter
had occurred, 1t is likely that, at this relstively low pitch angle, it
would have been of the classical bending-torsion type.

Theoretical prediction of twist and divergence.- An sttempt is made
in the following paragraphs to show how the theory of references 7 and 9
mey be spplied to predlict the divergence tendency exhibited by the blade
in figure 17 at the 5° pitch-angle setting. The theory is advanced in
reference T that the dynamlc-stiffness axis may be teken as the center
of gravity of the sectlion and the divergence speed will be spproximately
equal to the classical flutter speed. The gpproximate classical flutter
speed coefficient for a heavy wing with a low bending-to-torsion fre-
quency ratio (a condition which is met by the rotor blade under con-
gideration) was derived. in reference 9 and repeasted in a more convenient
form in reference 7. Assuming that the effective veloelty is the
velocity at 0.8R, the flutter speed coefficient msy be written in the
modified form as follows:

Vo.SRJ'_p_' . Too 1/h 1)

bay, {Po Ko Xog = 1/h

where the subscript o© 1s used to designate standard atmospheric
conditions.
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By substituting the sppropriste values from table I for blade 3(r)
into equation (1), the critical value of (Vb.aR/bah)/pZQO was deter-

mined to be 6.1 which indicates that the classical flutter or divergence

speed coefficient of the blade was Just slightly greater than the mexi-
mum value shown in figure 17.

According to reference T, for small plteh angles the ratio of blade
twist at successive dynamic pressures (designated by subscripts 1 and 2)
may be expressed as

ql/qcr
28 ey
2 - (2)
A8p q2/qcr
1 - 3
Lorr
where Yoy is the dynamic pressure at flutter or divergence. Inasmuch
2 2
v v )
as —91§E £ _9;92) £ = q/qcr, the ratio of successive values
Py ®o P Po er

of blade twist for corresponding values of the flutter speed coefficient
2
becomes, after substitution of the critical values of (VO.BR/bqu) (p/po),

v\ 1 [ /v 2 7]
(-0.83) 2| dsr.e - (g.&a) ofl
A\ %/ Pof N\ P/ Pl
(s05), = (894), ——————————== (5)

v v

( 0.83) el dsa- ( 0.83) AR
bay, Py bdyy Py
— =1 — —2

where the constant 37.2 is the square of the critical value of the
flutter speed coefficient as previously determined from equation (1)
for the particular blade under consilderation.
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Comparison of theory and experiment.- Flgure 19 presents a com-
parison of some theoretical and experimentsl values of blade twist as a
function of flutter speed coefficient as the calculated divergence speed
is approached. The curve of measured twist against flutter speed coef-
ficient shown in figure 17 for & blade-pitch-angle setting of 50 ig
repeated along with two calculated curves, one of which is obtained
from equation (3) and the other based on the assumption that the twist
is directly proportionsl to the dymemie pressure, that is,

V0.8R 2 P
bay /| Py

i = =2

(‘“%)2 = (Aet)l — — (%)

V0.8R\ P
bqa po
— -1

In both instances, the initial values of blade twist and flutter speed
coefficient for the calculated curves are assumed to be equal to the

experimental velues of AGy = 0.61 and (V, gofoay )foje, = 3. If no

experimental value of twist is available,.the twist may be determined
from equation (3) of reference T.

A comparison of the three curves of figure 19 shows a definite
tendency of the blade toward divergence; however, the twist is not quite
as great as the theory predicts, the theory being, in this case, some-
what conservative. This may be attributed partly to the increase in
blade stiffness arising from centrifugal forces and, perhaps, partly to
violstion of the smsll-angle limitation of the theory.

Effect of Tip Mach Number on Blade Twist

Figures 20 and 21 show the effect of the flutter speed coefficlent
and blade tip Masch number on the twist of a 12-percent-thick blade
operating in mediums having different speeds of sound. The chordwise
center of gravity was located at 37.3 percent chord and the blade pitch
angle was set at 5°. The data are presented in tabular form in
table ITI.

Figure 20 shows the blade twist as a function of the flutter speed
coefficient. The curves for the test mediums having the higher sound

speeds show a tendency toward divergence at a value of (Vb_BR/bab)Mp/po

from 3.5 to 4 whereas the curves at low sound speedé show a turnback
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or reduction in twist, probably due to the effect of a rearward movement
of the center of pressure as a result of the increase in Mach number.
The effect of Mach number is more convenlently shown in figure 21 where
the blade twist, divided by the value of the flutter speed coefficient
at which it was obtained, is plotted as & function of the tip Mach
number.

The curves representing date at the higher sound speeds again show
a tendency toward divergence as dlscussed in the previous paragraph.
Since this divergent tendency, as shown in figure 20, occurred at essen-
t1lally constant dynamic pressure in mediums having different sound
speeds, it occurs at different tip Mach numbers. As the sound speed is
progressively lowered, the divergence tendency dlseppears and a Mach
number effect becomes evident. As the Mach number approaches 0.73, a
turnback in the twist curves 1s shown and indicates a reduction 1n twist
with further incresses in tip Mach number. The Mach number at which the
turnback occurs is in agreement with the limiting Mach number of the
envelope flutter boundery of figure ll(a), g fact which mey indicate
that the rise in the value of the flutter speed coefficient at high Mach
numbers is partially due to a rearward shift of the center of pressure
as evidenced by a reduction in blede piltch angle.
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TABLE I.- CHARACTERISTIC BLADE PARAMETERS

[Eub radius, 8 inches; rotor radius, 46 inches; -

flspping hinge radius, 2.5 1nches:|

(a) HACA 23012 airfoil section

NACA TN 4005

Blede number . . . . . 1{r) 2(z) 2(r) 3(£) 5(xr) L(xr) 5(r)
Tength, in. . « + « . . 38 38 38 38 38 38
Chord, In. . . « « . . '3 4 4 4 4 4 L
Xog, Percemt chord . . 37.3 27.5 37.3 e7.5 37.3 37.3 373
xgy, percent chord . . 26.5 25.0 |- 26.5 25.0 26.5 26.5 26.5
GJ, b-tn.2 . . . ... 9,980 | 8,260 | 9,210 7,800 | 7,900 | 8,210 | 9,980
EI, 1b-in.2 , . . ... 25,500 | 25,500 | 25,500 | 24,300 | 24,300 | 24,300 | 24,300
py 5 radians/sec .. 126 113 119 129 116 126 126
oy,,, Tediems/sec . . . 327 59 | 33 364 327 327 327
0y, redians/sec . . . . kel hzg b6 426 Iy a hek
TER ¢ v v e e e e e .. 0.235 0.165 0.235 0.165 | 0.235 0.235 0.235
(l/rc)o ........ 78.0 78.0 78.0 78.0 78.0 78.0 78.0
Bpy » s v e e e 0.126 | 0.105 | o110 | o0.ass | o0.093 | 0.170 | 0.135
By » + vt e e 0.0k9 0.036 0.040 | ~comem 0.035 0.056 0.067
- 0.048 0.093 0.075 0.027 0.034 0.0h9 0.067
m., SLUES . « « + « . . 0.181 | o0.181 | 0.18: | 0.181. | 0.181 | 0.181 | 0.181
I, slug-£t% . . . .. 0.0055 | 0.0055 [ 0.0055 | 0.0055 | 0.0055 [ 0.0055 | 0.0055
S | 0.028 | 0.028 | 0.028 | 0.028 | 0.028 | 0.028 | 0.028
To toroere e 3.695 | 3.695 | 3.695 | 3.695 | 3.695 | 3.695 | 3.695

(b) NACA 23018 airfoil section

Blade pumber . . . . . . 6(£) 6(r). 7(;& 8(r)
Length, 1. « « ¢« o « + « %8 %8 =8
Chord, in. =« « « + & & & 4 4 L L
Xogs Percent chord . . . 28.0 36.5 36.5 36.5
Xgys percent chord . . . 25.0 27.0, 27.0 27.0
6§, b-in.2 . . . . ... 18,650 20,400 14,150 16,950
EIl, 1b-in2 . . . . . .. 59,100 59,100 57,800 67,900
o, » radians/sec . 173 168 151.0 180

, radiansfsec . . . . 7 158 45k 488
g, rediansfeec . . . . . 611 616 513 576
T o e e e e ‘ 0.168 0.216 0.216 0.216
) 88.1 8.1 88.1 8s8.1
By e e 0.045 0.076 0.05% 0.051
N I 0.015 0.0k 0.042 0.059
By * o s oo 0.064 0.069 0.062 0.05%
Dy, SLUES « « v v o . . 0.181 0.181 0.181 0.181
L., slug-ft2 . ... .. 0.0055 0.0055 0.0055 0.0055
G et e e e e e e 0.028 0.028 0.028 0.028
Yg v oowee e e 3.275 3.275 3.275 3.275

9(;&

I

36.5
27.0
16,950
67,900

562
0.216
88.1
0.051
0.039
0.224
0.181
0.0055

0.028
3.275




TARLE XT.- ‘PARUTATTON (OF FLUTTER DATA

(ao.an),' Ve <, (A o Yo.8r Yo.ea 7 oy, :;: Charecteristics
asg £t/sec Tt/sec Pg . by (P, radians/sec dagt of flutter
WACA £5012, blade 1(r)
2.0 57 113 0.502 0.98% 5.9 5.0 320 0.5 Bustained
EJ. %3 157 A8 % 5.72 5.56 231 _— Fluttared - to destruction
.0 1150 -w . 5.67 5.56 337 k.5 Bugtained
k.0 536 1150 . .980 5.54 5.43 355 k.5 Sustained
5.8 535 1148 66 .980 5.5% 5.4h2 36 7.8 Sustained
8.7 k17 nse =362 “OT7 k.31 h.p1 97 5.1 Sustained
12.8 305 1152 265 97T 3.15 3.08 Lot 2.2 Bustained
17.2 210 11%1 182 97T 2.1 2.12 553 -8 Bustained
29,35 191, 152 .166 “O7T 1.95 L9 4kt -1.8 Intermittent
£26.8 186 115% 161 O 192 1.87 T3 -2.8 Sustained
32.6 380 1159 328 9T 3.9% 3.01 - =3-1 No flotter to Vi
MACA 235012, bleds 2(T)
9.1 500 1131 0.h42 0.995 5.45 543 - 2.0 Ko flutter to Vy
11.1 L7 131 he2 .95 5.28 %.20 505 13 Svatained
hae 1130 a7 k6 5.29 5.00 519 Sustained
516 130 A57 -902 5.65 5.09 521 Huntalned
500 510 .980 1.0%5 5.47 5.67 _— Ko flutter to Vg
500 525 956 1.05% B4 5.76 —-— Fo flrtter to Vy
500 Sk 91k 1.068 54T 5.8 e Ko flutter to Vy
kot 56T g.‘? 1.078 A7 k.81 LT Tortersd ttent
kot . 1.092 L 1, k.86 =50 Tntarmd ttent
k135 .688 1.115 k535 E.o'j Intersi ttent
386 600 63 1.11% k.21 .70 519 Trrbermd ttant
koo &oo 670 Lns kAL ran 528 Bugtained
500 620 8ot 1.020 5.40 5.60 —— ¥o flutter to Vg
v Rk &0 6% [ 1025 | kb9 5.01 565 v *Sustained

'!up of fluotter regioa. W

T¥

CO0H WL VOVN




TARLE IX.~- TABULATION OF FLUTTER DATA - Comtimued

(90. BR)B’ Vs c, P Yo.8R _V’o__ R [p Xy, Mean Characteristics
M B0y,
deg ft/aac ft/sec Py 'bah bﬂh. Po radja.ns/sec deg of flutter
WACA £5012, blaeds 2(f) - continmued
11.1 Log &ho 0.628 1.025 4.1 4.50 503 L3 Sustalned
436 640 .681 .50 h. 75 4,52 546 Intermd ttent
e 2 o | v | vk y 52b Soatained
1p . 055 . .
465 % -699 1055 509 537 578 *Intermi ttent
b17 &5 e27 1.006 Lk.58 4.60 522 Sustained
1&75 % N Lgl?g ;ﬁ :gzsl 232 ITn.lt;rmittent
kos TO5 '575 1:080 h:ha .4:78 51p Sustained
b53 o5 a3 1.080 Lok 5.3k 5TL *Buatained
hee 0 5% g;f_'s( h_60 Lk.hg 516 Intermi ttent
h13 0 551 1. k.66 Y. h hoo Sustained,
" k2o TS0 560 97T 4.59 118 509 v Sustained
482 TS0 &3 -908 5.4% k.o 555 Intermittent
4.8 338 142 296 <990 3.69 3.65 Y17 .3 Bustained
352 11kl =307 -919 5.82 3.55 L8g Sustained
37 1240 .325 .852 k.os 3,37 496 Sustained
k=) 1137 »306 ggz‘? . g; 3.5 521 Bustained
kg5 1139 455 . B 37T 515 Sustained
%28 lygh 664 1036 3,61 3.7 515 Svatained
30 Xp % | w33 5.z P e
350 ¥ ety .98 3.8% 5.6 558 *Interm ttent
g7 .680 <Bo2 3.70 3.30 2T Buateined
;% tg .gg .ggg ;g Z.ﬁh ;g *Ignbgmitb;n‘t
528 hat :660 :805 5:59 2.5 5ol v *Soatained
v 289 557 538 1.02% 3,16 3, Lgo Buateined,
*mop of flutter reglon. NHAGA

9¢
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TABLE IT.- TABULATION OF FLIFITER DATA - Contimed

(BO-BR)" K? e, M, P E.BE. M P T ::? Cheracteristics
deg £t/sec ft/sac o bty b YPp | radians/sec ase of flutter
WACA 23012, blsde 2(#) - concluded
.8 a7 BT 0.655 1.085 k.07 h.17 558 0.3 *Suntatned
305 57 - 601 9L 3.55 3,29 502 Bustained
381 55T <TO9 P51 bt 3.88 558 #Sugtained
%38 557 689 860 5. 70 3.18 512 Pustained
362 Lol 674 860 3.9 3.40 527 *Buatained
338 557 629 . 786 3, 2,91 502 Hustained
352 537 656 786 3.32 3,05 ﬁ:; *Suatained
309 595 515 1.000 3.38 3,38 Bustained
%88 BOH -h2 1.000 -] 4.25 BTl *Bugtained
308 hoh 551 SOk 3.58 3.38 02 Sugtained
368 595 652 N L. 3.59 —- * Sugtatined
356 59 565 865 5.?{ 3.17 —— Sugtained
352 55 592 -85 5.9 5.02 —— Sugtained
372 555 625 TO5 k.oT 5.19 — * Sugtatined
%ok 660 461 1.040 3.33 34T —— Sustained
280 660 ek 1040 5,06 3,18 — Sustained
320 660 485 0.956 3.50 3.55 - Bustained
3 660 527 .880 %.TT 3.32 500 fustained
A %86 66% .58 ."786 5Tk .51 %1% v Sugteined
19.1 o3gr 1189 212 1.000 2.68 2.62 165 -6 Susteined
251 11e9 222 958 e.zg £.57 L8 Bustained
263 ﬁg % 875 2.4 2.52 l,:58 Bustained
313 . 15 345 2,72 T0 Sustalined
4 bLL) 1128 306 «TAT 3.78 2.71 k70 v Bustained
246 263 1139 £351 . 990 2,88 2.85 Léxs ~3.1 Susteined
J 301 11ha 26k 919 3.29 3.02 k70 ¥ Trrbarmi ttamt

ﬁl‘ﬂp oft fIutter region.
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TARLE IT.- TABULATION CF FLUTTER DATA ~ Contimmed

Go.),- V&, ¢, Vo.;r | Yo.m 6> Moan Cheracteristics
d.ag)'s £t /8ee £t /sec e E ey '_c% radians/sec a‘;;’ of Ilutter
WACA 23012, blads 2(r)

7.2 ko1 1% 0.1433 0.9%5 5.28 5.20 396 ) : Bustained
500 1133 iy 805 5.3T 1.8 — No flutter to Vi
ks 1154 M3 923 5.3 .91 Loo Bugtained
500 4oB 1.004% <998 5.37 LN ] _— Yo flutter to W
500 528 4T 1.005 5.37 5.40 m—— No flutter to V4
500 slo .923 1.0%0 2.57 2.50 — o flutter to Vi
390 569 683 1.0%0 19 .36 m Sustained
576 569 661 1.0k0 L.o4 4.20 386 Intermlttent
368 571 !6""" 1.110 3-% 1"438 — Bustained
381 =80 657 1.p28 4.00 b2 397 Sustained
ko2 580 693 1.028 h %2 .45 Log * Sustained
500 585 ? 929 E.y( 5,00 —— Ko flutter to Vi
430 &5 667 966 .62 k146 — Sugtained
=00 648 T .ol 5.37 k.80 -— Fo fiutter to W

v Le8 1125 h16 1.000 5.0k 5.0% 385 Bugtained

: 498 112% s 948 5,35 5.07 %86 v Sustained

11.2 114 316 .979 3.89 3.8 k1% 1.7 Bustained
ik 1hs 362 .fal b.45 3.98 Lo Bustained

458 1 400 .Bo2 k.o %.95 Lho Sustained

hga 2T L29 .T53 5.29 3.98 Lho Bustained

518 52T -603 971 3.h2 5.32 k11 Sustained

522 533 .60% 1.010 3.46 3.h9 a1 Sustained

351 532 .651 -503 371 3.0 433 Sustained

373 =ho 684 783 3.99 3.2 Ysp Sustained

328 604 sL3 1.000 3.5 3.5 415 Sustained

353 607 .930 3.79 3.5 Yot Sustalned.

313 608 .613 80 L.0L 3.k9 Lo L Sustained

v 390 608 il 783 4.19 5.28 452 \ Sustained

*rop of flutter reglon. ’ %
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TABLE IT.- TABULATICN OF FLUTTER DATA - Continued

(eo-m)n’ Vi e, " 3 Yo.& Yo.8r /& o, g;tm Characteristics
deg rt/sec ft/ec Po Dy bay, [Po radiana/sec e of flutter
WACA 23012, blade 2(r) = continued
11.2 holy 608 0.664 0. 745 .54 5.05 b2 1.7 Sustained
T 699 496 -991 3.7 3.0 Lat Sustained
3 T09 .568 -903 k.33 3.91 1o Bustained
ho3 09 .568 850 L.33 5.64 Lo Bustained,
ho8 09 ST 792 .38 3.47 k6 Sustained
hes T2 597 -728 h.5T 3.53 L9 Bustained
T 16 .623% 659 L..ZE 3.16 Lee Sustained
385 u;ﬁ 339 .98k k, k.ot k3l pustained,
Li20 1n .370 .B85 .51 3.99 4o Bustained
168 1135 L33 500 5.03 y.02 kb6 flustained
500 1133 Al .690 5.37 3.& -— Fo flutter to Ty
Eoo 11335 Sk L9 5.5T 3. — ¥ Fo fluttar to Vg
A 4 2] 1134 S0 Th3 %.36 3.98 459 Bustained
16.2 240 208 972 2.56 2.51 309 0.3 Sustained
266 1]'5]!; 2351 .88 2.86 2.33 3 fustained
330 1150 287 695 3.55 2.6 425 Sugtainsd
321 i) 510 .82 2.92 2.75 38 Sustained
1 5h5 A78 826 2.0 2.32 ik Bustained
315 556 566 665 3.38 2.25 318 Bustained
36 565 613 . 605 3.72 2.25 457 Huatained
500 566 .083 .558 5,59 3.0L o No flutter to Vg
250 594 421 .950 2.70 2.67 404 Bustained
226 595 .380 960 2.43 2.4 hoo Bustained
265 601 AL 839 2.86 2,40 h18 Bustainsd
315 6o .518 693 3.36 2.33% b33 Sustained
el 6 330 .990 2.4l 2.39 496 Bustainad
N 258 2£ 380 852 2.78 2,37 k09 J Sustained
4 20 JET L7 3.5 2.3 423 y ‘Bustained

“SHAGA”
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TABLE IT.- EABULATION OF FLDTTER DATA - Contlimued

(] 3 v VD.aR VD_m Mesn
0.88 Y e P 0. ) @op, Charscteriatics
( deg)ﬂ tt/aee rt/::eu ¥ Jf; ey by FPo radians/sec a‘;&’ of flutter
NACA 23012, blade 2(r) - concluded
21.7 268 15 0.234 0.975 2.8 2.8 - h28 -1.6 Sustained
231 1150 201 975 £2.53 2.47 43 Bustained
1150 222 975 2.75 2.67 ] Sustained
361 1150 .51k -808 5.88 3.1h 553 Sustained
&6 1152 05 k] 5.02 3.58 o Sugtained
289 =27 .548 .961 3.11 2.99 L23 Bustained
hoo 551 .908 858 5.19 L.hs _— Ho fintter to ¥y
285 535 -53% 899 3.06 2.T5 128 Susteined
292 239 -5k R:yal 3.14 2.7h L37 Bugtained
a37 650 408 954 2.77 2.7 k1o Bustained
286 630 L 885 5.08 2.75 408 Bustained
e} 610~ T .50 5.18 3.89 —— Fo flutter to Vi
he €9 T80 -808 5.18 L9 — Yo flutter to Vi
298 fea i .56k 3.21 ‘e.g h38 fustaired
263 ol 3 9% 2.8 8. :ﬂ Susteined
290 1 L1085 .82p 3.1 2.58 Bustalned
v ag0 05 Jaa .895 3.14 2.8 ka8 A4 Bustained
FACA 27012, blada 3(f)
.3 h86 520 0.935 0.930 547 5.09 _— 1.2 ¥o fintter to Vi
590 -83h ST 5.54 E.lm -— No flutber to W
361 &50 556 1.024 k.06 .16 k8o Sustainad
433 650 . 1.024 k.88 E.oo 553 *Bustained
ok 630 625 976 by 33 502 *Bustained
o4 620 625 976 ' .53 [:+2] Bustained
64 o Aoz -986 k.o .04 483 Bustainsd
361 810 Jas 9% k.07 ».03 yrr Buatained
v 377 115k <327 970 k.25 h,1e 483 4 Bustained

*mgp of flutter region.
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TABLE IT.- TABULATTON OF FLUTTER DATA ~ Continued

)

GOO¥ NI VOVN

60.8R )y v ¢ Vo.® Yo.8R ) Characteristiag
¢ d.ng)ﬂ £i)hea £t/6ac ¥y . oy b’% radiang fazc 222’ of flutter
NACA £3012, blade 3(f) - concludsd
7.k 203 510 0.398 2.29 a.a-h e 0.5 Bustained
aa% 515 lﬂ . e.lég 2,93 t?& Bustained
20 . . 2. g.11 Bustained
299 '?i? Js .86 2.58 2.13 Lé, Buatained
250 non 81 .Te6 2.8 2.05 Ley Sustainad
ThE LS L. 2.5 p— No flutter to V.
3523 % 57’59 588 5.1?3 a.ﬁg 489 Busteined v
321 505 612 .688 3.62 2.49 kg6 *Bugtalned
228 1133 201 .588 2,57 2.54 LT Sustained
19.2 135 W1 587 2,11 2.08 h39 0.1 Bustained
ag.o igg 113n L% 587 1.8 1.87 439 0 Bugtained
2.2 148 1135% 130 987 1.67 1.65 833 ] Sustained
21.5 3 1135 126 % 1.6 1.%9 hhé -2 Snstainaed
202 530 .38], . 2.87 1.88 4= Suatained
330 530 623 566 5,72 2.1 502 *Sugtained
pore:] 525 AL 2.%0 1.5 ko Bustained
162 [+ 16? 1.02 1.5 LA Bustsined
318 55s 589 5,55 1.90 Lag *Bustainad
198 660 300 2.23 1.37 L6 Bustained
179 730 2359 2.0e 1.36 458 Sugtained,
25,8 156 135 137 1.16 1.7 no ~1.2 Bugtained
NACA 23012, blade 3(r)
5.0 a1 1155 hak 5.58 5.58 —— 5.0 No flutter to Wi
0.2 3h9 1156 308 k.05 5.92 hop b5 Busteinad
LB B0 N, 5.58 k.36 —_— No flutter to Wy
461 605 795 E.ﬁﬂ h.57 o l No flutter to Vg
i 630 622 WSk 3.82 Ty g Sugtoined

*Top of flutter region.
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TARLE IT.- TABULATION OF FLUTTER DATA - Continmued

(Bo.&z) ’ A/ e Yo.8 Yo.&8 /P e 4 Yoan Charaeteristics
deg s £t ;ac ftfsac L & oy by [ md.‘i.nns/aec ﬁ:;’ of flutter
WACA 25012, blade 3(r) - concluded
10.2 Wy 630 0.708 0.6z 5.18 L.36 L58 h.5 *ngtained
380 & ﬁ BZ s 3.7T Lot Buatained
337 760 - .9 3.91 5.79 Loz fustained
N 334 835 .hoo .98 3.87 3.8 396 v Busteined
15.2 201 1130 178 .992 2.33 2.31 389 2.0 Busteined
211 510 413 .798 2.45 1.96 o8 Sustained
221, 515 428 712 2.56 1.6 405 Sustained
233 515 L52 674 2.1 1.8 408 Sustained
25h 520 488 608 2.9% 1.85 k11 Bustained
349 520 671 .28 5.05 2.5 —_ *Sustatned
M %30 .63 522 5.11 2.67 — Fo flutter to Vy
ki1 530 B3 566 5.1l 2.59 — No flutter to Vi
257 e oo .5g8 2.98 1.78 —_— Bustained
289 525 550 598 3.35 2.00 o *Bustained
| 257 T10 334 .36 2.T5 2.02 — J Bustained
4 213 8% 257 857 2.56 2.19 — Sustained
17.5 156 1135 .138 1.000 1.8 1.8 — 1.h Bustained
20.0 1 nuxm 124 1.00Q 1.63 1.53 _— .5 Sustained
24.0 120 1nes .07 996 L.39 1.38 —— .3 Bustained
129 505 256 ﬁ 1.50 1.2 —_— l Susteined
a7 510 .288 . 1.70 1.10 —— Sustained
28.0 129 1135 g1k 1..000 1.%0 1.50 - .0 Sustained
3.0 201 1155 ATT 1.000 2.35 2.33 e -9 Fo flutter to ¥y

*mop of flutter reglom.
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TARLE IT.- TABULATTON OF FLUTTER DATA - Combinued

(%068 )g? Vi c p Vo.8r | V0.8 /P @p, Mean Characteristics
deg ° f“t./a«;c f“t/;ec Moo /'p'_; by by Po | radians/sec ﬁg;’ of flutter
NACA 23012, blade 4(r)

8.1 L36 1149 0.293 0.975 | 4.97 1.8, 386 6.9 Bustained
10.6 359 1152 336 973 | %.09 5.98 393 k.9 Bustained
13.7 280 1150 187 975 3.19 3.11 396 3.2 Bustained
16.0 £15 1152 kL 973 2.45 2.39 393 2.1 Sustalned
18.7 167 1151 111 97 | 1.90 1.8 389 1.0 Sustained
18.7 169 1151 e .07 1.93 1.88 396 1.0 Sustained
21.7 152 115}, .101 O | 1. g 1.68 hop 0 Bustained
21.7 160 1151 .106 974 1. 1.77 396 0 Sustained
24,7 165 1151 109 974 | 1.88 1.83 59% -7 Sustained,

NACA 23012, blade 5{r)

8.1 h60 1148 0.%01 | 0.976 | k.76 k.65 LoB 6.5 Bustained
10.6 304 1139 .3358 .983 3.97 3.90 yo3 5.8 Tntermlttent
15.0 277 1 243 .g82 2.87 2.8 hp3 3.1 Imtermi ttent
15.0 278 1141 L .982 2.88 2. EE 1y 3.1 Bustained
18.2 2] 1ik7 210 97T | 2.50 2. L1 1.3 Bustained
20.0 235 12 206 680 | 2.43 2.38 420 .6 Bustalned
20.0 233 142 204 980 [ 2.1 2.36 465 .6 Intermittent
22.5 ake 115 212 978 | 2.50 2.k5 hah 0 Sustained
25.0 321 1143 281 .979 5.3 3.05 — 0 No flutter to Vg

SHBG
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TABLE I1.- TABULATION OF FLITTER DATA - Contimued

(Go.ar),> Ve e, " ‘/_-g Yo.8r Yo.&r ®p; ﬁ Characteristics
deg ft/sec rt/sea Pa . oy ¥ Po radisns/sec a0y of flutter
FACA 2%018, blede 6(f)

16 557 1111 0.%510 1.007 kA= k.49 630 i Intermlttent
383 555 .690 919 5.01 2.77 655 *Interm ttent
gzg za 647 919 a.te 2.%9 632 Intersdttent

3 631 1.003 2.69 2.70 % Intermittent
=58 Slik, 676 1.00% 2.8 2.90 *nterm ttent
429 606 708 1.046 5.37 3.55 éT7 *rtermittent
] 06 ST 1.0h6 .0 2.98 616 Intermittent
387 660 586 1.099 3.04 3.3% 616 Trbermittant
Eg % .62? i% gﬁ gsét EL Mrnternittent

5 . . T Interm ttent
hho 3k 599 1.183 5.11-6 4,09 672 Sustained
4oo ™4 ) 983 3.1 3.26 628 Bustainad
Lo h S48 858 3.16 2.7 608 Bustained
b6 830 537 .9 3.50 3.43 622 Intermittent

k Z k68 860 Sl 1.0 5.68 3.80 613 ¥ Imtermittent

18 b8 1101 379 1.019 5.28 3.35 650 1.0 Bustained
25 iy e | e | v e o Busoatnct
k13 =48 :gl; 1:071 5:au 5:1;8 g Mutermittent
361 =13 . 1.07L -@2.99 3.21 Intermittent
o0 5T 592 1.001 2.6T 2.08 660 *Inbermittent
335 5 -5k 1.091 2.63 2.87 679 Inbermittent
375 57k, .650 1.091 2.93 3,20 628 *Intarmitiant
38 &5 S5T 1.3 2.73 3,10 628 Bustained
589 (5] . La3h 3.06 3.47 686 * Bugtained
Lep a2 675 .98L 3.3 5.%3 657 *Internittent
e &5 .558 .9B8L 2.7h 2. 28 Intermittent
Ls2 720 628 1.062 3.98 3.77 2 * Sustatned

v 588 T20 539 1.062 3.05 3.24 a7 2 Sustained

* Top of flutter region. W
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TARLE IY.- TABULATTON OF FLUTTER DATA - Comtinued

(90&1) ’ Vir c Yo.8R Yo.88 @p, ¥oen Cheracteristics

deg ? ri/smc rt/;&u My fb—% o bty VCPE redians/eec ﬁ;’ of fluttar
FACA 25018, blade 6(f) - continued

18 Ef)e (s o] 0464 1.145 2.84 3.26 628 1.0 " Fusteinsd
i 78 302 .988 3.80 3.16 655 Intermittent
Lok 780 .5kl .588 3,53 3.29 660 *tngtsained

5l koo 1.111 1.0%6 4,28 k.53 — Mo flutter to Vy
395 B4O JT0 1.072 3.10 3.353 663 Intermittent
103 Bio . 480 1.072 3.17 3.40 628 Busteined
10 &0 488 1.001 3.22 3.25 637 Pustained
495 By .589 1.001. 3.80 3.90 680 *Interwittent
\ T 840 561 1.001 5.70 5.7 684 v *Bustained
20 336 1120 300 1.003 2.64 2,65 612 0.h Bustained
45 1120 -579 -5l 3.5% 2.51 650 Intermittent
580 1120 .1 .T5L k.08 5.07 672 Inbearklttent
50k 1120 450 STEL 3.96 a.% 652 Bustained
e 560 .50k 1.07% 0.20 2. 6805 Suetained
] 550 491 1.07% 2.16 2,% 602 *Sustained
4§18 1120 373 -TEL 3.e8 g.46 65k Bustalined
2686 560 511 1.075 2.25 akn 6oe *Tustained
206 654 26 1.158 2.33 2.69 595 Bustained
2 664 H455 .99 2.53 2.52 62 Intermd ttent
306 664 461 .59k 2.0 2.%9 597 Sustained
310 &6k B8T 9% 2.4 2,42 612 Intermittent
301 654 453 .99% 2.36 2.35 612 Intermittent
306 5 416 1.08% 2.40 2.6 =T Bustained
hmo 5] .615 1..085 3,55 3.8 698 *Bustairied
338 5 4560 955 2.65 2,5 613 Intermittent
5 55 469 955 2.7L 2.59 609 *Intermi thent
311 830 3T 1.069 2.4k 2.61 602 Bustained
v 338 830 Jot 955 2.66 2.53 618 v Bustained

*Top of flutter raglon.
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TABLE IX.-~ TABULATION OF FLUITER DATA - Combtimmed

@Q-aﬁ)a’ Vi g, Vo | Vo.Gm ®e, Moan Characteristics
: M . it oL A8
deg ft/ze0 ft/sec \/E oo by ﬁ%_ radians/sec de;, of flutter
FACA 2%018, blade 6(f£) - cortinusd
20 Loh 850 0.487 . 0.953 3.17 3.05 o5 0.k *Sustalned
l 565 503 1.120 . Y] 3,84 — ¥o flutter to W
=63 500 1.1%0 1.05h 42 L.67 —— \l, So flutter to Vi
267 1153 .236 990 .2.10 2.08 593 .1 Bustained
1129 3508 767 2.73 2.10 €20 : Interm ttent;
360 129 .319 67 2.83 2.17 606 Sustained
261 564 463 1.073 2.0% 2.20 583 Bustained
ofe 1) 500 1.075 2.2 2.38 590 *ustained
235 670 3Bl 1.162 1.8 £.15 593 Bustained
2 670 03 1.019 2.12 2.16 595 Sustained
5 670 540 1.019 2.8y 2.90 628 *Bustained
261 80 -328 1.038 2.05 2.13 600 Bustained
281 0 353 . 2.21 2.12 598 Bustained
&0 A8 960 3.03 2.91 628 *Bustained
565 hoh 1.1h0 87 f WIT] 3.76 —— Ny flutter to Vg
b 563 koo 1.150 1.020 k4o k.52 —— ¥ No flutter to Vg
24 243 m .28 1.007 1.91 1.92 586 (+] Sugtained
299 111 267 2.7 2.00 616 Intermittent
30k 1118 272 -850 2.39 2.0%5 6oL Sustainsd,
241 572 421 1.073 1.99 2.0% 50 Sustained
233 e 407 1.073 1.85 1.97 576 Sustained,
£33 530 J36 79 1.99 1.55 570 Bustainad
a9 530 429 979 L.96 L.92 570 Bustainsd
254 583 401 979 1.8 1.80 Sustained
els 583 4on 979 1.95 1.89 570 *Bugtained
233 650 338 1.08% 1.83 1.99 576 Sugtained
| 263 690 Sl 2.07 1.9% 583 Suatainsd
4 296 690 429 o 2,33 2.20 v *Sustained

*¥op of filuxtter region. w
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TABLR IT.~ TABULATION OF FLUTTER DATA - Continuad

@0 BR)p? Vi, o Yo.88 Yo.8R Qg Neen Charectaristics
deg £t/sec f'b/sec Kb \/:Er; by . /'pEo " radiangfaec ﬁ‘;;’ of fluttar
NACA 23018, blade 6(f) - comtimied
24 231 85 0.295 1.031 1.8 1.87 5A5 0 Busteined
23 783 322 966 1.98 1.2 513 Sustained
7T 785 481 2.96 .87 6 *Suatained
560 500 1.120 06 Lo 3.99 - ¥o flutter to W
560 500 1.120 1.015 h.ho L.t e ¥o flutter to Vg
26 237 1130 201 99 1.78 1.77 581 0 fugtainsd
a7 197 1120 176 1.007 1.58 1.59 608 -1 Sustainsd
o6 1120 220 1,007 1.95 1.9% Bustained
230 580 ﬁ'{ .992 1.8 1.79 576 Bustaiped
259 580 Jdvr .992 2.05 2.02 52 *Buatained
aa1 668 «35L 996 1.7% 1.73 588 Bustained,
218 668 326 996 1.7 1.7 58 Bustained
345 668 S1T . 2.7 2.70 616 ¥ Buatained
2pp gol 204 .998 1.7 1.7 568 Bugtainad
211 .256 1.007 1.66 1.67 578 Intermittent
=] Bk 269 1.007 1.1 1.76 Bustained,
500 1.122 1.011 J1 . . No flutter to Vg
v 561 L. .46 v
28 225 1129 199 596 1.77 1.76 584 -1 Buatsined
30 i 502 478 ~Oltky 347 3.27 — -5 No flutter to Vg
Wy 500 882 1.015 30T 3.51, — Fo flutter to Vy
By 584 T 1.023 307 3.54 — No flutter to Wy
£59 1129 229 .996 2.04 £.03 588 Sustalned
<513 6hd Jo1 1.0%6 2.05 2.4 602 Bustained
259 ik Jop 1.005 2.04 2.05 608 Intermlttent
250 Gk -588 1.00% 1.97 1.97 608 ttent
262 3 368 1.013 B.06 2,09 600 Intermittent
Jz 207 2% 397 1.01% 2.26 2.29 593 J/ Bustained

*mop of flutter region. %
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TAHLE IT.- TABNATION OF FLUTTER DATA - Continned

(o.8),° V- e Yo.88 Yo.&r /5 | e, Mean Characteristics
deg g £t aec ft/;ac M V}% by by VP radiens/sec ﬁ’ of flutter
NACA 23018, blade 6(f) - concluded
%0 305 =3 0.kon 1.013 2.0 2.43 603 -0.5 *Suatained
o253 5 i) 1.009 1.99 2.01 61h Intermittent
201 785 iyl 1.009 2.29 2.31 606 Bustained
320 5 L8 1.009 2.52 2.54 603 *Bugtained
278 By2 .330 .99 2.19 2.17 606 Suatained
NACA 23018, blsde &(r)
1.3 525 1126 0.466 0.990 k.09 k.05 . 559 3.80 Sustained
- 5hT 1128 L A485 924 .2t 3.9% 5T7L Bugtained
600 1129 531 B2 4.67 k.07 Bustained
ShL 1131 478 S | k22 3.99 Bustgined
w70 530 1.091 1.013 k.50 k.56 —— Ko flutter to VW
61 . 580 967 1.058 .37 L2 —— Wo flutter to Vy
T 6o .651 1.083 5.17 5-43 578 Bustained
19 @5 670 1.083 3.26 3.5h 590 *Sustained
Egl ] -898 1.0k0 4.37 k.sh . Ko flutter to Vi
5 8 .6h6 1.068 3.3 3.53 T2 Suatelned
L5 658 676 1.068 347 - 3.70 600 *Bugtained
L2 650 m 1..005 3.75 377 —_— Ko flvtter to Vy
W3 685 . 1.031 3.0 3.5 5ol Bustained
470 685 .686 1.03L 5.66 3.77 612 : *tnptained
hxo 1, 660 096 3.52 3.51 507 Bugtained
Lo 685 686 .996 3.66 %.65 615 * Sustained
458 . 6&bs 667 95T 3.57 341 606 Sustained
463 685 678 957 3.61 345 616 ¥ Bugtainad
AV s T0 .62t 996 | 3T 345 576 v Bugtained

*'l‘op of flutter region. Eg
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TARLE IT.- TABULATTON OF FLUTTER DATA - Comtimued

80.6R )g? v o g Vo.6m Vo.t [P o, Moan Characteristics
( a_ag)s rty;ec ft./;ec My, [ (e by ¥Po radiens /sen ﬁ;’ of flukter
RACA 23018, bleds 6{») - contimed
11.3 490 710 0.690 0.996 3.0 3.80 619 3.80 *Bustained
k59 AL 643 951, 357 3.40 597 ,Bustained
485 yah! 679 051 3.78 3.60 6e2 Sustained
466 T8 G40 .g12 3.63 5.3; 597 Bustained
ko T8 .67 g1 5.75 3. 609 *Huptained
463 20 643 875 3.63 3.15 SGT Sustainsd
Lg2 =0 669 87 3.75 3.p8 -— Bustained
ysp 725 683 875 3.52 3,18 587 Busteiped
L 8 .688 B75 3.89 3.40 628 - * Bugtainad
I 25 654 805 3.69 2.97 590 Bustained
EY;) b (3 o] STL 1.08% 3.49 5.78 565 Suatained
k66 785 .mgh, 1.013 3.63 5.68 5 Justained
bl 705 .69 0%, 3.085 347 Bustained
2B 2| BlEm |2 | F =
v 516 910 :567 :9l+2 k.02 5:79 584 v Sustained
1 362 109E -330 1.027 2.8 2.90 315 2.0 Bustainsd,
369 109 336 ST 2.87 2.80 578 Sustained
hos 1098 369 .5o4 3.15 2.8 550 Sustained
438 1098 390 825 3.4 2.8 sok Bustained,
he7 1058 bps .48 3.64 2,72 ) Bustained
28s L85 .588 1.139 2.22 2.53 597 Bugtained
351 485 .72k 1.139 2.73 3.11 628 *Sugtained
287 %85 .52 1.066 3.01 2.2& 597 Bustained
29l Y. .06 1.066 2,29 2. 612 *uateined
4 2 Y] 623 1.003 2.3 2.% 609 v Intermittent

*mop of flutter region. @
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NACA TN 4005

of fivtter

Cheracteristics

Mm mw 55 i
il i

2

18593 RIRRE 339R3| R8538 RERY &8k

25958 SESDY RIYNR| 5457 NE35% 5FY

Homadd dMade mamdd | dudoid sddAAdd Ao A

REXER NREYS LHRRL| RB2RRS 3ERLY 233

Ao NAadr KRR Addda mdAAdn Ad o

WACA 23018, blade &(r) -~ Contimed

TABLE IT.~ TABULATION OF FLULTER DATA - Contlmued

e,

ft/sec

53853 BOFEY PEIYY BASEE ROSSS 888

Vs
£t/ aec

YRIAE RGNS 53495 BBALL BREA 888

deg

(60.88)

*Top of fiutter region.

v

16.1
v
20.1




TABLE TT.- TAPULATICN OF FLUTTER DATA - Contloued

Mean
€0.8R), Ve e P Yo.8m Yo.& [p_ ap, Characteristics
( deg)s ft/;ec £t/sec M /'E)—; bay by VPo radiana fec 2‘;‘;’ of flutter
KACA 23018, blade &(r) - continued
20.1 a7 45 0.550 0.963 2,12 2.0h 612 0.7 "Busteined
565 ho5 1.137 .903 h.38 5.97 — No flutter to Vg
284 615 461 .938 2.21 2.0; 609 Sustained
339 615 2155% .938 2.64 2.k 615 *Sustained
265 615 . .B78 2.30 2.02 615 Intermittent
857 630 .88 833 h.3h 3.61 e Fo flutter to Vi
232 627 369 1.07h 1.81 1.9 592 Bustained
LS 627 .TI0 L.07h 3.46 3.72 a7 *Bustained
2kg 627 397 1.018 1.4 1.98 =8 Sustained
436 627 695 1.018 3.39 3.45 5GT “Sustained
261 62T 416 .90 2.03 1.98 581 Bustained
4e5 627 .678 970 3.31 3.21 61 *Bustained
281 627 A8 .935 2,19 2.0 597 Bustained
7 627 633 .935 3.09 2.89 a5 *Bustained
285 627 435 .65k 2,22 1.99 597 Sustained
342 627 . 854 2.66 2,38 609 *Bustained
292 627 E&Gg .o 2.27 2.01 BT Sustained
530 627 526 .88 2.57 a.p7 603 *Suptained
297 627 L7h 863 2.51 2.00 590 Sustained
312 621 kg8 863 2.43 2.09 610 *Bustained
289 627 461 Bip 2.0% 1.90 603 Intermittent
268 T 8 .078 2.09 2.09 plai Sustbained
201 TTO 365 043 2.19 2.06 590 - Sugtained
303, ™ 391 801 2.55 2.09 590 Busteined
336 ™ L36 BT 2.62 .11 €03 Bustained
E'55 T T .40 3.30 — Fo flutter to WV
32 1106 391 6T 3.5T 2.26 581 Bustained
y L8 1106 h36 651 3.76 2.45 597 v Bustained

CA
*op of flutter region. E“:
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TARLE II.- TABULATION OF FLUTTER DATA - Comtimued

80 .88 ). Vs e, Yo.8 Y0.8r ) Mean Charecteristics
( ﬂ.eg)ﬂ Tt /aec £5/rec e /;% Do by ﬁ% radians /sec ﬁgg’ of flutter
FACA 2%018, blade 6(r) - contimed
23.4 252 1112 0.227 1.01% 1.96 1.99 572 0 Sustained
268 ine2 2kl .Gl 2.09 1.97 565 Sustained
273 1312 246 .889 2.13 1.89 572 Sustained
295 1112 265 B3l 2.30 1.91 578 Susteined
folsie] 1112 2323 TR 2.8 2.10 578 Bustained
k29 hivh[-] .386 695 3,5 2.33 587 Bustained
579 1115 519 65 hos1 2.9), 612 Bustained
305 Lot .61k .999 2.38 2.38 597 * Intermittent
2023 ka7 Jikg .999 L.7h 1.73 565 Iotermittent
3h1 kg7 686 1.026 2.66 2.75 609 *Intermittent
* Loy RILE 1.026 1.7L 1.76 572 Intermitient
27 Lo .658 1.0%6 2.55 2.69 590 *Intermittent
263 La7 .529 1.056 2.05 2.16 603 Intermittent
536 Lyt .678 1.087 2.62 2.8 609 *Interm! ttent
235 Lg7 T3 1.087 1.83 1.99 585 Intermittent
21 Lot 3L 1.116 1.67 1.86 581 Intermittent
L, Lot .686 1.116 2.55 2.96 6k : *Intermittent
sl 560 45h 996 1.98 1.97 559 Sustained
351 560 .627 996 2.73 2,72 609 *Bustained
sl 6 A .95k 1.98 1.8 559  Bustained
3ho 562 621, 954 272 2.59 5O7 Sustained
251 563 Jh6 915 1.96 1.78 599 Sustained
341 563 .606 913 2.66 243 - 550 *Bustained
563 =65 .997 .&TZ 4.38 3.7 — Fo flutter to Vy
337 570 591 .8 2.63 2.30 590 *Bustained
v 268 570 AT0 87 2.0 1.8 562 v Sustsined
*Top of Flutter region.

oh
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TABLE II.- TABULATION OF FLUTTER DATA - Contimzed

80.8R)gr | &7 c Vo.88 {Vo.&R [P i 4 Mean | cparacteristics
( deg)s £t /sec ft/;ec My E by | by \pFo radians/sec ‘g‘.';g’ of flutter
NACA 23018, blade 6(r) - concluded
23.4 254 660 |0.385 [0.933| 1.98 1.85 559 0 Sustained
LLE 660 6h1 [ 933 3.3%0 3.07 635 *Sustalned
2T 660 411 | 861 2.11 1.86 565 Sustained
397 . 660 .602 | .861( 3.09 2.73 603 Bustained
565 660 856 | .821| 4 .40 3.61 - Ko flutter to Vg
298 660 52 | L850 2.32 1.97 572 Sustained
396 660 600 | .850] 3.09 2.62 597 Busteined
255 763 | 334 | .922]1.99 1.83 553 Sustained
281 763 368 | .866]2.19 1.90 553 Bustained
486 63 637 | 8661 5.79 3.27 635 Sustained
313 763 410 | 807! 2.44 1.97 553 Intermittent
389 763 .510 | .80T71 3.03 2.4k 573 Intermittent
386 635 .Egs .T911 3.01 2.35 581 Intermittent
310 763 406 | oL | 2.42 1.91 565 \ Inbermittent
N\ 565 763 L OLTTL B0 3.39 -— / No flutter to Vi
' T v

*¥Top of flutter reglon.
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TABLE IT.- TABULATION OF FLUTTER DATA - Soncluded

80.01) o # Vi, ¢ V0.8 Yo.88 - Meen Characterigtics
( deg)s ft/sec ft/aec K /'E Doy by ¥Po radians /sec i‘;’ of flutter
NACA 23018, blade T{r)
11.0 %g 1130 0.450 0.997 . Th L.72 538 2.3 Intermittent
13.0 1129 -356 997 3.7% 3.7 52l 2.1 Buatained
15.0 353 1130 312 995 3.30 3.28 523 1.6 Sustained
17.0 283 1131 .250 .995 2.64 2.63 51 1.3 Sugtainad
19,3 231, 1132 204 993 2.16 2.1k 516 5 Suptained
22.3 214 1132 .189 993 2.00 1.99 502 . Pustainsd
25.0 241 1128 214 997 2.25 2.2, 502 0 Bustainsd
BACA 23018, blade 8(r)
13.0 ey 1119 0.397 1.005 3.70 3.72 579 3.2 Sustained,
15.0 365 12 32l gg 3.0h 5.0% 565 2.3 Bustained
17.0 308 g 274 . 2.57 2.%6 570 1.5 Bustainad
19. . . . . - ue
F 2% 1102 23 | Lo | 2.0 209 % P erior
r2]
25.8 275 122 2h5 1.002 2.29 2.30 59% 0 Intermittent
NACA 23018, blmde 9(r)
13.0 Y=o 1119 0.405 1.005 3.86 5.88 565 3.2 Sustained
15.0 T:a 17 375 997 3.60 3.59 515 2.3 Sustained
17.0 351 1126 312 .98 3.00 2.99 =T 1.5 Sustained
19.3 301 1e2 .68 1.002 2.57 2.58 slp .8 Sustained
22.0 276 1122 .2h6 1.002 2.36 2.37 534 .2 Sustained
25.8 337 1eg .300 1.002 2.88 2.9 530 0 Sustajned
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NACA TN k005

TABLE IIT.- EFFECT OF MACH NUMBER AND DIVERGENCE ON BLADE TWIST

[%ACA 23012 blade 4 (r); (6g.gg) = 5°; stmospheric densréﬂ
° s

A9
c Vg Mg Yo.8r £ ABg v :
bay, \ Po 0.8R |p_
by, | P,

500 160 0.32 1.83 0.5 0.27
240 .48 2.7k 1.3 A7

320 .64 3.65 3.1 .85

360 T2 .11 4.1 1.00

koo .80 k.57 .y .96

kho .88 5.0% Lk.h .88

480 .96 5.49 k.o .13

565 160 .28 1.83 1.1 .60
2L0o 13 2,74 1.9 .69

320 -57 3.65 3.1 .8

360 .64 k.11 L.3 1.05

%00 .71 L.57 6.1 1.3k

602 160 27 1.83 1.0 .55
20 ko 2.7k 1.8 .66

320 .53 3.65 2.8 g

360 .60 L.11 3.3 .80

koo .67 4.57 5.6 1.2%

koo 67 8,01 k.o 81.00

ko . T3 5.03 6.2 1.23

ko T3 ay L1 k.9 8.1

480 .80 & .80 k.9 a1.02

715 160 .22 1.83 T .38
240 .3k 2.7Th 1.2 i

320 45 3.65 1.9 .52

i¥elo} .56 h.57 5.2 1.14

420 .59 4.80 7.0 1.k6

1120 160 b 1.83 .8 b
320 .28 3.65 1.9 .52

%00 .36 L.57 5.2 1.1k

480 43 5.49 9.5 1.73

®pensity reduced to 0.77 atmosphere. A
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Figure 1.- Schematic drawing of blade showing method of varying chordwlse

center-of-gravity locatlon.
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Flgure 2.- Rotor-blade agsembly as viewed with the hub mounted on the
motor shaft inside the vacinm sphere.
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Figure 3.- Sample flutter record. i




NACA TN L4005 Lo

Approximate (i.ﬁ"),,..‘m obtained on
1 4 helicopter blades having NACA —7

23012 and NACA 23018 airfoil sections

0 4 8 12 16 20 24
(eosa)c’ deg

Figure L.- Mean section 1ift coefficient for the NACA 23012 and 23018 blades
as & function of the blade pitch angle. (The 1ift coefficient is calcu-
lated by Glauert's method, ref. 6, based on a blade element located
at 0.8R.) o = 0.028.
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Figure 5.- The variation of flutter apeed coefficilent and flutter frequency ratio
with blade pitch angle for blade 1(r) at atmospheric denslty. M, < 0.51,
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Figure 6.- The effect of chordwise center-of-gravity location on the flutter speed coefficient as a

function of blade pitch angle at mtmospheric density for blades having both NACA 23012 and

NACA 23018 airfoll sections. M, < 0.51.
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52 NACA TN L4005
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Figure 7.- The effect of blade alrfoll shepe on the flutter speed coeffi-
cient as a function of blade pitch angle st atmospheric densities.
My < 0.4k,
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Figure 8.- The effect of structural damping on the flutter speed coefficlent ms a function of blade
pitch angle et atmospheric density for blades having both NHACA 23012 end NACA 23018 airfoil sections.

My < 0.43.
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Figure 9.- The effect of density on the flutter speed coefficient at
medium and high piltch angles for blade mmber 2(r). My < 0.42.
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Figure 10.- The modified flutter epeed coefficlent as a function of tip Mach mmber at various pitch
angles.- (Data are presented for different density ratios to show that the flutter boundaeries are
not altered by chenges in density when the flutter speed coefficient is modified by the square root
of the density ratio.)
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56 NACA TN 4005
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(a) Blade mmber 2(r); g, = 0.075.

Figure 11l.- The effect of tip Mach number on the modified flutter speed
coefficient at various pitch-angle settings for two blades having
NACA 23012 airfoil sectlons.
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(b) Blade number 3(r); g, = 0.03k.

Figure 11.- Concluded.
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(a) Blade number 6(r); gy = 0.069.

Figure 12.- The effect of tip Mach nunber on the modified flutter speed
coefficlent at various plitch-angle settings for a blade having an
NACA 23018 airfoil section at different chordwise center-of-gravity
locations.
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Figure 13.- The efféct of bl&dé pitch angle (correéted for twist) on the
tip Mach number &t flutter for varisus values 6f the dimensioniess
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Figure 1%.- The effect of the flutter parameter on the tip Mach number
at flutter at various pitch angles for blade 2(r).
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Figure 15.~ The envelope flutter boundaries plotted in terms of the tip Mach number and flutter parameter
for various blades having different airfoll sections, chordwlse center-of-gravity locations, and
gtructurel dsmping coefficients.
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Figure 16.- The variation of critical values of the design flutter
parameter with torsional damping.
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Figure 17.- Measured twist as a function of flutter speed coefficient at
various pitch-angle settings for blade 3(r). My < 0.43.
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Figure 18.- Measured twist as a function of pitch-angle setti for
blade 3(r). Data taken from figure 17 for (Vo.8r[bax) (/' p/P0) = 1.k,
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Figure 19.- A comparison between the experimental and calculated effect
of the flutter speed coefficient on blade twist as the classical flutter
or divergence speed is approached for blade 3(r). (6g.8r)g = 5°.
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Figure 20.- The effect of the flutter speed coefficlent on twilst at the
tip of blade 4(r) being rotated in mediums of different sound speeds.
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Figure 21.- The effect of blade divergence and Mech number on the meas-
ured twist at the tip of blade 4(r) being rotated in mediums at dif-
ferent sound speeds. (8¢ .gg)g = 5°- :
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